Antigenic drift and shift of influenza strains underscore the need for broadly protective influenza vaccines. One strategy is to design immunogens that elicit B cell responses against conserved epitopes on the hemagglutinin (HA) stem. To better understand the elicitation of HA stem-targeted B cells to group 1 and group 2 influenza subtypes, we compared the memory B cell response to group 2 H7N9 and group 1 H5N1 vaccines in humans. Upon H7N9 vaccination, almost half of the HA stem-specific response recognized the group 1 and group 2 subtypes, whereas the response to H5N1 was largely group 1-specific. Immunoglobulin repertoire analysis of HA-specific B cells indicated that the H7N9 and H5N1 vaccines induced genetically similar cross-group HA stem-binding B cells, albeit at a much higher frequency upon H7N9 vaccination. These data suggest that a group 2-based stem immunogen could prove more effective than a group 1 immunogen at eliciting broad cross-group protection in humans.
INTRODUCTION
Serious influenza disease is caused by two genera of viruses in the family Orthomyxoviridae designated as influenza virus A and B. Type A strains, which are responsible for influenza pandemics, are further subdivided on the basis of the viral glycoprotein hemagglutinin (HA) sequence into group 1 and group 2 subtypes, and each subtype has many strains. Antigenic drift and shift of the viral surface proteins HA and neuraminidase produce new antigenically distinct strains that thwart life-long immunity and present a constant threat of pandemics. Although HA serves as the major target for protective antibodies, HA is genetically and antigenically variable between strains, even within a subtype, and heterosubtypic immunity has been difficult to achieve. There is even greater antigenic distance between subtypes in group 1 and group 2. Exposure to seasonal influenza strains, either by infection or vaccination, elicits dominant B cell responses that target the hypervariable head domain, resulting in strain-specific antibody responses. However, subdominant B cell responses targeting the HA stem region are also generated. These HA stem-specific responses have been intensely investigated in recent years, and isolated monoclonal antibodies (mAbs) have demonstrated broad neutralization across multiple influenza subtypes, including across groups (1) (2) (3) (4) (5) . Several vaccine strategies are being explored that target elicitation of B cell responses directed toward the stem region of the HA molecule (6) (7) (8) (9) (10) (11) .
The B cell responses targeting the HA stem are dominated by the HA head-specific response after seasonal infection or vaccination. However, upon exposure to novel influenza strains for which humans have little to no preexisting HA head-specific immunity, HA stemspecific responses are more prevalent. For example, after exposure to the novel 2009 pandemic H1N1 or avian influenza virus H5N1, HA stem-specific B cells generated to conserved regions shared by seasonal strains are preferentially expanded (12) (13) (14) (15) (16) . Characterization of the HA stem-specific B cell immunoglobulin (Ig) repertoire has shown that human antibodies able to bind the H1N1 and H5N1 HA stem predominantly derive from the VH1-69 heavy chain (5, 12, 17) . Isolation and cocrystallization of HA and VH1-69 antibodies revealed the molecular constraints of binding to the HA stem of group 1 subtypes. Specifically, critical hydrophobic residues in the VH1-69 germline-encoded CDRH2 aided by elements in the CDRH3 are sufficient for initial binding of this variable heavy (VH) gene to the group 1 stem, making it a robust and dominant response to the HA stem of group 1 subtypes (15, (18) (19) (20) . A glycan at Asn38 HA2 conserved in the HA stem of most group 2 subtypes is thought to prevent most group 1 heterosubtypic antibodies from binding subtypes in group 2 (3, 21) .
Previously, only a handful of human HA stem-reactive antibodies capable of binding strains from multiple subtypes in either group 2 or both group 1 and group 2 had been described with diverse molecular characteristics and modes of HA stem recognition (1, 2, 14, (21) (22) (23) . However, we recently characterized the repertoire of several HA stembinding memory B cells generated after H5N1 vaccination capable of binding both group 1 and group 2 subtypes (24) . Three different classes of broadly neutralizing antibodies were identified in multiple donors with shared molecular characteristics and binding footprints. Although examples of antibodies with the molecular characteristics of each of these different classes had been previously reported in isolated cases (14, 23, 25) , this was the first demonstration that there are common pathways across individuals to generate cross-group broadly neutralizing antibodies. This engenders hope that designing vaccine strategies capable of preferentially eliciting these classes of HA stem-specific broadly neutralizing antibodies across the human population would contribute to a universal influenza vaccine strategy.
Although several studies have investigated the HA stem response to group 1 subtypes, little work has been done to systematically characterize the HA stem response upon immunization with a group 2 subtype. Because of profound differences in the HA stem region between group 1 and group 2 influenza subtypes (3, 21) , we hypothesized that the Ig repertoire of reactive B cells would be quite different and inform strategies to elicit a broad cross-group protective B cell response. We therefore undertook a direct comparison of the HAspecific memory B cell responses to a group 1 (H5N1) versus a group 2 (H7N9) influenza subtype vaccine. Both are avian influenza viruses and generate substantial HA stem-directed responses. We found that the overall magnitude of vaccine-induced HA-binding B cells was lower after H7N9 vaccination compared with H5N1 immunization. However, H7N9 vaccination induced higher levels of HA-specific B cells broadly reactive across group 1 and group 2 HA subtypes. Given these results, group 2-based immunogens should be explored further as candidate vaccines to induce broadly protective influenza immunity.
RESULTS

Magnitude and specificity of an H5N1 versus H7N9 vaccine B cell response
To compare the HA-specific response between group 1 and group 2 influenza subtypes ( Fig. 1A) , we carried out in-depth analyses of the B cell responses in two phase 1 open-label randomized clinical trials in healthy adults. In the first study (VRC 310), donors were primed with A/Indonesia/05/2005 H5N1 HA DNA or matched H5N1 monovalent inactivated vaccine (MIV) followed by an MIV boost administered to different groups at intervals from 4 to 24 weeks later (hereafter termed H5N1 vaccine) (26) . In a second study (VRC 315), donors were primed with A/Anhui/1/2013 H7N9 HA DNA, A/Shanghai/02/2013 H7N9 MIV, or both, followed by an H7N9 MIV boost 16 weeks later (hereafter termed H7N9 vaccine) (27) . This is a homologous prime/ boost because there is no difference in the HA protein between H7N9 A/Anhui/1/2013 and A/Shanghai/02/2013.
We first compared the frequency of memory B cells recognizing the HA of the vaccinating influenza strain (A/Indonesia/05/2005 H5 HA or A/Shanghai/02/13 H7 HA) at 2 weeks after MIV immunization (the peak of the memory response) by flow cytometry using HA probes (Fig. 1B) (16) . To compare the response in donors with similar vaccination protocols, we limited the analysis to 24 donors from the VRC 310 (H5N1) trial that received an MIV or DNA prime with a 16-to 24-week prime/boost interval (groups 1, 5, and 6), which were most comparable to the VRC 315 (H7N9) trial ( fig. S1, A and B) . The overall frequency of vaccine-specific HA-binding IgG + B cells was lower after H7 vaccination compared with that after H5 vaccination (Fig. 1, B and E). On average, 1.26% of the IgG + B cell compartment recognized H5 HA after H5N1 vaccination, whereas a mean of 0.37% of the IgG + B cells bound H7 HA after H7N9 vaccination (Fig. 1E) . We next wanted to determine the frequency of H5 or H7 HA-specific memory B cells that crossreacted with another group 1 or group 2 HA antigen. To do this, we costained cells from the H5N1 vaccine trial with H5, H1, and H3 HA probes or cells from the H7N9 vaccine trial with H7, H1, and H3 HA probes (Fig. 1C) . A mean of 60% of the H7 HA-specific B cells elicited by H7N9 across the donors did not cross-react with H1 or H3 HA (termed subtype-specific), whereas 45% of the H5 HA-specific B cells in the H5N1 trial donors did not cross-react with H1 or H3 HA [ Fig. 1, F (left) and G]. However, of the H7N9-induced B cells that did cross-react with other subtypes, they were more broadly reactive, with ~45% of the cross-reactive H7 HA + cells detected after H7N9 vaccination able to bind both group 2 H3 HA and group 1 H1 HA (cross-group reactive; red) (Fig. 1G) . In contrast, most (~90%) of the cross-reactive B cells detected after H5N1 vaccination only recognized H1 HA, another group 1 subtype (intragroup reactive; blue) (Fig. 1G) .
Most of the broadly reactive HA-specific B cells are thought to bind to conserved regions in the HA stem. Previous work has suggested that 80 to 90% of the cross-reactive H5H1 + cells in the H5N1 trial bind the HA stem (15) . The recently described stabilized group 1 stem-only probe (6) (modified to be derived from A/California/04/2009 H1 HA) allowed us to directly analyze the proportion of vaccine-specific B cells from each trial that exhibited cross-group HA stem binding. Because we did not have a group 2 stem-only probe available, we looked for B cells that bound the group 1 stem-only probe and also recognized both group 1 H1 and group 2 H3 full-length HA (Fig. 1D) . Expectedly, we found that though a high proportion of H5 HA + cells induced by H5N1 vaccination bound the H1 HA stem (Fig. 1D) , only a mean of 1.5% recognized the H1 HA stem and both full-length H1 and H3 HA (Fig. 1H) . In contrast, a mean of 26% of the H7 HA + cells elicited upon H7N9 vaccination cross-reacted with the H1 HA stem and full-length H1 and H3 HA (Fig. 1H) . This difference was so remarkable that, despite the lower overall HA response, there was, on average, a significantly (P < 0.0001) higher number of cross-group stem-binding B cells elicited after H7N9 vaccination compared with H5N1 vaccination (Fig. 1I) . We subdivided the donors into their vaccine groups based on the type of prime or prime/boost interval (fig. S1, A and B) and confirmed that this difference was independent of the vaccine regimen (fig. S1, C and D). The number of cross-reactive B cells in the IgM memory B cell compartment was negligible for both vaccine trials ( fig. S1E ). We conclude that the response to H5N1 is largely group 1-specific, whereas H7N9 vaccination induces higher levels of cross-group HA stem-specific B cells.
Ig repertoire of the H5N1 and H7N9 vaccine B cell response
Considering that most cross-reactive B cells generated after H5N1 vaccination displayed primarily group 1 specificity and H7N9-induced B cells displayed greater cross-group reactivity, we next analyzed the Ig repertoire of the cross-reactive memory B cells generated by each vaccine. We single cell-sorted IgG + B cells from 20 donors in the H7N9 vaccine trial that bound both full-length H7 and H3 HA probes (H7H3 + ) (n = 1069) 2 weeks after the H7N9 MIV. These H7H3 + B cells included cells that also bound the H1 HA probe. We also single cellsorted IgG + B cells from 20 donors in the H5N1 trial 2 weeks after the H5N1 MIV boost that recognized the H5 and H1 HA probes (H5H1 + ) (n = 1456), including cells that also bound the H3 HA probe. These donors came from all vaccine groups, were of diverse ages, and had varied levels of cross-reactive cells after vaccination (table S2 and Fig. 2,  A and B) .
Cross-reactive memory B cells expressed a diverse array of VH genes, but there were notable differences in the Ig repertoire of these cells after H5N1 or H7N9 vaccination. Consistent with previous reports (5, 12, 15, 16, 18) , VH1-69 heavily dominated the repertoire of cross-reactive cells after vaccination with group 1 subtype H5N1 ( fig.  S2A ). However, the two most common VH genes used by H7H3 + B cells in the H7N9 vaccinated donors were VH1-18 and VH6-1, representing 27.5 and 8.5% of the Ig sequences, respectively ( fig. S2A ). The bias toward VH1-18 and VH6-1 usage was unique to cross-reactive B cells as few subtype-specific cells that recognized only H7 HA used these VH genes ( fig. S2A) . The difference in VH1-69 and VH1-18 distribution between H5N1 and H7N9 vaccinated groups was evident when we pooled all the sequences together in each vaccine study (Fig. 2C) or looked at the frequency of VH usage by cross-reactive B cells on a per-donor basis (Fig. 2D) . VH6-1-derived transcripts were present in a small subset of donors, and expression was not statistically different between the vaccine studies on a per-donor basis (Fig. 2D ). When we looked at the distribution of VH1-69, VH1-18, and VH6-1 usage between vaccine groups within each trial, we found no difference between groups, indicating (A) Phylogenetic tree showing relationship of HA protein from different influenza A subtypes. HA sequences were aligned, and a maximum likelihood tree based on the amino acid sequence was produced using MEGA 7.0 (53 that the vaccine antigen, not the vaccination regimen, was responsible for the difference in repertoire that we observed ( fig. S2B ). HA stem-specific B cells induced by group 1 and expressing VH1-69 rarely recognize group 2 HA subtypes (5, 12, 15, 16, 18) . However, in our previous work, one VH6-1 and two VH1-18 (termed VH1-18 + DH3-9 and VH1-18 QXXV) multidonor Ig classes capable of binding both the group 1 and group 2 HA stem were identified in a subset of donors in the H5N1 vaccine trial (24) . We therefore analyzed the Igs expressed by cross-reactive B cells after H7N9 or H5N1 exposure for the presence of these multidonor class signatures based on their Ig heavy chain characteristics (Fig. 3A) . Eighty-three percent of the VH1-18-expressing H7H3 + B cells had a VH1-18 QXXV class signature, whereas only 32% of the H5H1 + B cells had this signature (Fig. 3B ). Very few of the VH1-18-expressing cells isolated from either trial had a VH1-18 + DH3-9 class signature (Fig. 3B) . Some subtype-specific memory B cells that recognized only H7 or H5 HA expressed VH1-18, but none had a CDRH3 that matched one of the multidonor class signatures (Fig. 3B) . Most of the VH6-1 Igs expressed by cross-reactive B cells found in either vaccine trial matched the VH6-1 multidonor class signature (Fig. 3C) . Overall, in 6 of 20 donors from the H5N1 vaccine trial, we detected cells expressing Igs that belonged to one of the three multidonor classes (Fig. 3E ). These made up 5% of the total H5H1 + B cell sequences (Fig. 3D ). In contrast, we found H7H3 + memory B cells expressing Igs that matched one of the multidonor classes in 17 of 20 donors, making up 29% of all sequences from cross-reactive B cells sorted after the H7N9 vaccine (Fig. 3, D 
and E).
Functional characteristics of multidonor classes
To verify that B cells with multidonor class sequence signatures present after H7N9 vaccination were broadly reactive across influenza A subtypes, we expressed 20 mAbs representing 20 different lineages from 11 different donors (tables S3 and S7). These 20 mAbs included a representative of eight of nine VH6-1 class lineages, all the VH1-18 + DH3-9 multidonor class lineages, and a third of the VH1-18 QXXV class lineages that we identified. We first tested the binding of these 20 mAbs against a panel of full-length HA from group 1 and group 2 strains as well as the H1 HA stem-only recombinant protein described above. All 20 mAbs bound HA from group 1 and group 2 subtypes, but the breadth of binding within each group varied between mAbs (Fig. 4A ). The mAbs followed the differential binding patterns that we have previously observed between the multidonor classes (24) , where the VH1-18 QXXV class mAbs bound preferentially to group 2 strains and the VH1-18 + DH3-9 class mAbs preferentially bound to group 1 subtypes (Fig. 4A ). VH6-1 class mAbs as a whole had the greatest breadth of binding across the six subtypes tested (Fig. 4A) .
When we tested the microneutralization capacity of the mAbs against the group 1 influenza strain A/California/04/2009 (H1N1) and group 2 strain A/Texas/50/2012 (H3N2), we found that despite robust binding to these two strains by all mAbs, only members of the VH6-1 class were able to neutralize both strains in this assay (Fig. 4B and table  S4 ). VH1-18 + DH3-9 class mAbs neutralized H1N1 A/California/04/2009 but not H3N2 A/Texas/50/2012, whereas the opposite was observed with VH1-18 QXXV class mAbs ( Fig. 4B and table S4 ). We tested the neutralization capacity of these mAbs against a panel of nine influenza strains across six subtypes using the pseudotype neutralization assay and observed similar patterns of neutralization throughout group 1 and group 2 strains for all three classes using this assay (table S5) .
Antibodies not only directly prevent viral attachment or fusion and subsequent infection but also can exert protective functions through its Fc region. HA stem-specific antibodies, in particular, have been shown to protect against influenza via Fc-mediated functions (28, 29) . To further evaluate the protective ability of these mAbs across group 1 and group 2 strains, we tested the ability of one representative antibody from each class to protect mice infected with A/California/07/2009 (H1N1) or A/Shanghai/02/2013 (H7N9). When mAbs were given 24 hours before H7N9 infection, we observed a 90 to 100% survival in mice that received one of the multidonor class mAbs, with no loss in weight in most of the animals (Fig. 4C, top) . Similarly, mAbs from each of the classes provided 100% protection from H1N1 infection in mice with minimal loss in weight (Fig. 4C, bottom) . This was true even for the VH1-18 QXXV class mAb class, which showed no in vitro neutralization capacity against this influenza strain (Fig. 4B) . In contrast, all but one of the mice that received the anti-HIV mAb VRC01 had substantial weight loss after infection and were euthanized (Fig. 4C ). We conclude that close to one-third of the cross-reactive B cell memory response to H7N9 vaccination in these 20 donors is composed of multidonor lineages capable of protecting against infection with both a group 1 and group 2 subtype.
Characterization of new cross-group lineages elicited by H7N9 vaccination
The VH1-18 and VH6-1 multidonor classes comprised 59% of the Ig sequences (n = 531) isolated from cross-group HA stem-binding B cells as detected by flow cytometry after H7N9 vaccination. The remaining cross-group stem-specific memory B cells expressed Igs with a diverse array of heavy and light chain variable genes. Among these sequences, we looked for the presence of new multidonor class signatures not identified previously. The Ig heavy chain from seven lineages from four different donors had an 18-amino acid CDRH3 with a common motif derived from the recombination of either VH1-2 or VH3-53 with DH3-9/DH3-3 and different JH genes ( . In six of seven lineages, the heavy chain was paired with either a VL2-8 or VL2-14 light chain (Fig. 5B) . By negative-stain electron microscopy (EM), we looked at the Fab of two of the antibodies in complex with H7 HA and verified that they bind the HA stem (Fig. 5C ). We also tested their ability to bind HA from multiple subtypes, and consistent with the idea that this constitutes a specific class of Igs, we found that all lineages had a very similar binding pattern across influenza subtypes (Fig. 5D ). All but one antibody (04-1B12) bound group 2 H3 and H7 subtypes and a limited number of group 1 H1N1 and H9N2 influenza strains (Fig. 5D ). All members of this class were able to neutralize A/ Texas/50/2012 (H3N2) but were unable to neutralize A/California/04/2009 (H1N1) in a microneutralization assay (Fig. 5E and table S4) . A pseudotype neutralization assay against a broader panel of influenza strains showed similar findings (table S5) . However, like the multidonor classes described above, passive transfer of a mAb from this class (02-1F07) into mice followed by infection with H7N9 or H1N1 showed the ability to protect against both a group 1 and a group 2 influenza strain ( Fig. 5F ).
To investigate whether these VH1-2/VH3-53 lineages looked structurally similar, we produced high-resolution structures of the Fabs of one VH1-2-and two VH3-53-encoded antibodies (table S6) . The antibody structures show marked similarity despite the different VHencoding genes with an average root mean square deviation (RMSD) of <0.6 Å for the Fv domains (Fig. 5G) . The CDRH3s of the antibodies display the greatest differences, but comparing all three structures, the CDRH3 C- atoms appeared to rotate relative to each other, and each displayed a characteristic aromatic Lys/Arg at the CDRH3 apex (Fig. 5G) . We conclude that these VH1-2/VH3-53 lineages constitute a distinct class of genetically similar Igs elicited in multiple donors upon H7N9 vaccination.
In addition to the multidonor class described above, we also identified two lineages with particularly broad reactivity expressed by a substantial proportion of the cross-group HA stem-binding B cells in the respective donors from which we isolated them (Fig. 6A) . One lineage was encoded by VH3-48, the other used a VH3-11 Ig heavy chain, and both paired with a VK1-39-encoded light chain (Fig. 6B and tables S3 and S7). Negative-stain EM of Fabs in complex with H7 HA confirmed that representative mAbs from both lineages (13-1B02 and 53-1A09) bound the HA stem (Fig. 6C) . These mAbs varied somewhat in their specificity to HA from different subtypes but were overall broadly reactive (Fig. 6D ) and able to neutralize both group 1 and group 2 strains (Fig. 6E and tables S4 and S5) . In addition, when we tested the ability of one of the antibodies (53-1A09) to protect against H1N1 or H7N9 infection in a mouse model, we observed 90 to 100% protection with minimal weight loss (Fig. 6F) . Crystallization of Fabs from each antibody showed a high level of similarity (<0.5 Å RMSD) between these two antibodies in the VH and VK (variable kappa) region (Fig. 6G and  table S6 ). However, analysis of the CDRH3 indicated that many equivalent residues in sequence were located >10 Å apart (Fig. 6G) , suggesting that they may interact with the HA stem in different ways. In summary, H7N9 vaccination induces a diverse array of cross-reactive HA stem-binding memory B cells with common Ig genetic signatures identified in multiple donors as well as broadly binding and protective donor-specific lineages.
Memory recall and expansion of cross-group HA stem-binding B cells
Several studies have shown that HA stem-binding B cells reactive to novel influenza subtypes are preexistent in the memory repertoire and are expanded upon vaccination (14, 15, 22, 24, 30) . Many of the H7H3 + memory B cell lineages found 2 weeks after the vaccine boost were also found before H7N9 vaccination (Fig. 7A, left) and most of these lineages (30 of 36) were expanded 2 weeks after the vaccine boost (Fig. 7B) . In contrast, when we searched for lineages belonging to memory B cells that bound H7 HA alone, only one lineage in a single donor was found before vaccination (Fig. 7A, right) . Expectedly, the mean VH mutation level for cross-group or intragroup 2 reactive B cells was twice that of subtype-specific H7 HA + cells (7% versus 3.6%) (Fig. 7C) . Together, this demonstrates that most, if not all, of the cross-reactive response detected is a vaccine-induced expansion of a preexisting memory repertoire, presumably generated from exposure to seasonal influenza subtypes. The cross-group stem-binding B cells were also highly clonal (Fig. 7D) , suggesting that most individuals have a few dominant lineages capable of cross-group stem binding.
Three of the vaccine trial volunteers described herein participated in both the H5N1 and H7N9 trials, allowing us to directly compare the repertoire of the response to both a group 1 and group 2 subtype in the same individual with a 5-year interval between the two vaccine trials. These three donors had varied responses, and we observed no difference in their B cell specificity or repertoire after H7N9 vaccination compared to other volunteers that had not received previous H5N1 influenza vaccines ( fig. S4, A and B) .
The H5H1 cross-reactive repertoire of the first volunteer after H5N1 vaccination was primarily composed of a group 1-only VH1-69-encoded response (Figs. 3E and 7E) . However, 11% of the cross-reactive B cells were able to bind both the group 1 and group 2 HA stem and expressed Igs from two different lineages (Fig. 7E) . After subsequent H7N9 immunization, almost 40% of the cross-reactive H7H3 + B cells in this volunteer belonged to one of these two lineages (Fig. 7E) . Both lineages expanded after H5N1 vaccination, were still detectable at low levels before H7N9 vaccination, and expanded again 2 weeks after the H7N9 vaccine boost (Fig. 7F) .
The second donor had the highest level of cross-group stem-binding B cells among all 48 donors analyzed by flow cytometry in the H5N1 vaccine study (fig. S4C) . In response to both H5N1 and H7N9 vaccination, about half of the cross-reactive response bound both the group 1 and group 2 HA stem. Cross-group stem-binding B cells after H5N1 vaccination expressed Igs that were part of one of three different lineages with a VH6-1 class signature (Fig. 7G) . In response to H7N9 vaccination, all of the cross-group stem-binding B cells that we sequenced belonged to two of these lineages (Fig. 7G) . Similar to the previous donor, both lineages were expanded 2 weeks after H5N1 or H7N9 vaccination and contracted in between the two vaccine trials (Fig. 7H) .
In the third donor, we were unable to detect cross-group HA stem-binding B cells after H5N1 vaccination (Fig. 7I) . However, after H7N9 vaccination, roughly 25% of the H7H3 + B cells bound group 1 and group 2 subtypes with the most prevalent lineage being the broadly neutralizing VH3-48 lineage described above (Figs. 6 and 7I ). This lineage was present in the memory repertoire immediately before H7N9 vaccination, so it is unclear why this lineage was not detected after H5N1 vaccination. Group 1-specific lineages may have dominated the response after the H5N1 vaccine to such a degree that we could not detect this lineage, or, alternatively, it could have first emerged in this donor in the 5 years between the two vaccinations.
We conclude that individuals maintain low levels of circulating HA stem-specific memory B cells capable of cross-group binding. These cells can be readily expanded upon exposure to either an influenza group 1 or group 2 subtype. However, they are preferentially expanded by a group 2 influenza subtype such as H7N9.
DISCUSSION
To design an influenza vaccine capable of inducing a robust HA stem-directed response, we need to better understand the natural human immune response to this structure. Few cross-reactive B cell responses characterized to date have been in the context of immunization with a group 2 immunogen because most studies have focused on group 1-induced responses. The few previous studies looking at the B cell response to H7N9 have characterized mAbs cloned from B cells isolated from individuals after either a H7N9 MIV or H7N9 live attenuated cold-adapted vaccine (31, 32) . By screening large numbers of cells to identify a few H7 reactive B cells, these studies have demonstrated that H7N9 vaccination can elicit B cells targeting both the HA head and stem with a wide range of cross-reactivity and neutralization potential.
We undertook a direct comparison of a group 1 and a group 2 HA stem memory B cell response from two clinical trials with similar immunization protocols. Using HA probes that have the sialic acid binding site mutated to eliminate nonspecific binding, we could specifically detect and sort HA head or stem subtype-specific and cross-reactive memory B cells by flow cytometry (6, 16 we were able to characterize the specificity and the Ig repertoire of thousands of memory B cells elicited by either H7N1 or H5N1 immunization at the single-cell level from 40 vaccinated donors. We found that despite a lower overall HA-specific B cell response to H7N9, the absolute number of cross-group HA stem-reactive B cells generated after H7N9 vaccination was higher. The VH repertoire of crossreactive B cells generated after H7N9 vaccination was also much more diverse than the group 1 H5N1 response. It is well known that VH1-69 germline antibodies with a hydrophobic CDRH2 dominate the repertoire of B cells responding to group 1 subtypes with minimal somatic hypermutation (18, 19) . However, because of the presence of a glycan at Asn38 HA2 , an equivalent strategy to easily generate a response to the group 2 HA stem is not present in the human repertoire. As a result, the highly variable CDRH3 along with light chain interactions are important for binding the group 2 HA stem (1, 21, 23, 24, 33) . Structural studies of group 2 and cross-group binding antibodies to the HA stem have revealed different modes of binding, suggesting that Igs use diverse strategies to achieve cross-reactive binding within group 2 or between groups (1, 21, 23, 24, 33) . However, in each individual, the repertoire of cross-group stem-binding B cells was quite restricted and often composed of one to three large clonal families. This is likely due to a restricted number of Ig rearrangements able to bind structurally conserved epitopes on the group 1 and group 2 HA stem. Multiple rounds of activation of these broadly reactive B cells with heterosubtypic influenza exposure may also further narrow the repertoire to a few dominant lineages. We detected expansion of the same cross-group reactive clones after H5N1 and H7N9 vaccination in donors that received both vaccines. One-third of the Igs that we sequenced from cross-group binding B cells elicited by the H7N9 vaccine belonged to the three multidonor Ig classes identified previously in the H5N1 trial (24) . In addition, we identified a fourth cross-reactive stem-binding class with a stereotypical CDRH3-based recognition motif. Members of this class expressed either a VH1-2 or VH3-53 heavy chain but had a common CDRH3 motif primarily encoded by the D gene (DH3-9). Future work will further characterize contact points between this stereotypical motif and the HA stem. This class of antibodies is reminiscent of HA head receptor binding site-directed antibodies described previously that used different VH genes but with common residues in the CDRH3 mediating binding to a specific epitope on the HA head (34). As we accumulate data from more volunteers, other common molecular strategies by Igs to engage conserved epitopes on the HA stem may emerge. Similar to a recent report describing an Ig lineage with this same molecular signature (25) , B cells expressing the VH6-1 signature had a greater neutralization breadth than those with the VH1-18 QXXV signature. However, we detected the VH6-1 signature at a much lower frequency than the VH1-18 QXXV class after both H5N1 and H7N9 vaccination. Curiously, donors had responses dominated by either VH6-1 or VH1-18, not both. Of the six donors where we did not find VH1-18 QXXV Igs after H7N9 vaccination, three had robust VH6-1 encoded cross-group HA stem-binding responses. Although not conclusive, all three donors that had this strong VH6-1 response were born in the mid-to late 1960s just as a group 2 subtype (H3N2) first emerged in the human population, replacing group 1 H2N2 as the dominant subtype. Studies have suggested that the influenza subtype that one is first exposed to as an infant has a life-long effect on one's influenza-specific immune repertoire (35, 36) . A recent investigation that correlated incidence of H7N9 and H5N1 infection in China with birth year showed that those first exposed to group 1 H2N2 were more likely to be severely ill with group 2 H7N9 infection while protected against H5N1 and that those first exposed to group 2 H3N2 had a greater incidence of severe infection or death with group 1 H5N1 yet were protected against H7N9 (37) . These data, along with the restricted number of broadly reactive HA-specific lineages observed in many volunteers, suggest that HA stem-specific B cell lineages are established early in life, determined in part by the subtype that an individual is first exposed to, and affect susceptibility to influenza pandemics throughout life.
Neutralizing HA stem-specific antibodies directly prevent cell infection by inhibiting membrane fusion or preventing HA cleavage (38) . Although a few of the cross-group HA stem-binding antibodies neutralized influenza subtypes in both groups, the neutralizing activity tended to be less broad than binding as has been shown for other stem-binding antibodies (2, 23) . However, there is mounting evidence that HA stem-specific antibodies can be protective independently of their neutralization capacity in vitro. All five of the cross-group stem-binding antibodies that we tested were protective against H1N1 and H7N9 infection in mice, although only two of the antibodies showed neutralization activity against both subtypes. DiLillo et al. tested the role for Fc-mediated mechanisms played in protection against influenza infection in vivo by broadly reactive antibodies specific for the HA stem, including antibodies belonging to the two VH1-18 multidonor classes (28, 29) . Through mouse in vivo protection studies with antibodies that could or could not engage the FcR, they concluded that Fc-FcR interactions were the primary mechanism for protection mediated by broadly reactive HA stem-binding B cells in vivo. Immunization with HA stem-only constructs in animal models also showed heterosubtypic protection that correlated with heterosubtypic serum binding titers and antibody-dependent cellular cytotoxicity (ADCC) potency but not serum neutralization titers (6, 7) . Fc-mediated protection seems to primarily occur with broadly specific antibodies. Non-neutralizing strain-specific antibodies have been shown to be nonprotective in vivo and fail to mediate ADCC (29, 31) .
In designing an immunogen that specifically elicits B cells expressing these broadly protective antibodies, both induction and boosting steps need to be considered. Antigen structure is critical for engaging germline versions of stem-binding B cells and guiding their evolution toward greater breadth. Antigen design and delivery approaches to most efficiently boost the preexisting repertoire of cross-reactive B cells to protective levels are of equal importance. Of the multidonor classes that we identified after H5N1 and H7N9 vaccination, two, including the most broadly reactive class, VH6-1, appear to be first activated by a group 1 immunogen (24, 25) . On the other hand, the most prevalent VH1-18 QXXV and the VH1-2/VH3-53 classes appear to be better induced by group 2 immunogens and later gain cross-reactivity to group 1 subtypes (24) . This suggests that both group 1 and group 2 subtypes could potentially serve as the starting point for developing these multidonor broadly binding Ig classes. However, the results from the H7N9 vaccine trial described herein indicate that multidonor cross-group binding antibodies are preferentially boosted and expanded by group 2-derived antigens.
Although the difference in B cell repertoire that we observed between the two vaccine trials was quite robust, these human vaccine studies were composed of relatively few volunteers, all living within the United States and conducted 5 years apart. To further substantiate that group 2 subtypes universally elicit a broader response than group 1 subtypes in adults, these studies will need to be conducted with larger cohorts from diverse areas of the world with different influenza exposure histories. Defining whether initial priming with group 1 or group 2 antigens is more effective for eliciting cross-group antibody lineages will need to include clinical evaluation of vaccine antigens in young, influenza-naïve children. Large epidemiological studies tracing influenza exposure with repertoire and experimental clinical vaccine trials will continue to shed light on the best strategy for developing an HA stem-based universal influenza vaccine.
MATERIALS AND METHODS
Vaccine study design
The H5N1 vaccine study (VRC 310; ClinicalTrials.gov identifier NCT01086657) has been described extensively elsewhere (26, 39) .
Like the H5N1 study, the H7N9 study (VRC 315; ClincialTrials.gov identifier NCT02206464) is a phase 1 open-label randomized clinical trial in healthy adults ages 18 to 60 years, designed to study the safety, tolerability, and immunogenicity of prime-boost vaccination regimens against H7N9 influenza (27) . Informed consent was obtained from every enrolled volunteer. A total of 30 volunteers were enrolled and divided into three groups. One group was primed with a recombinant DNA plasmid (VRC-FLUDNA071-00-VP) that encodes for A/Anhui/1/2013 H7 HA, one group was primed with a monovalent influenza subunit virion A/Shanghai/02/2013 H7N9 vaccine (MIV) manufactured by Sanofi Pasteur Inc (Swiftwater, PA), and one group was primed with both vaccines. All groups were boosted with the MIV 16 weeks later. The 24 volunteers that completed the blood draw at 2 weeks after boost were included in this study.
Flow cytometry and single-cell sorting
Cryopreserved peripheral blood mononuclear cells from blood collected before vaccination or 2 weeks after boost from trial volunteers were stained with the anti-human mAbs CD3, CD56, CD14, CD27, and CD38 from BioLegend; IgG and IgM were from BD Biosciences; and CD19 was from Beckman Coulter. The gating strategy is shown in fig. S5 . HA probes were expressed, biotinylated, and labeled with fluorochromes, as described previously (16) . Aqua dead cell stain was added for live/dead discrimination (Thermo Fisher Scientific). Stained samples were run on an LSR II (BD Biosciences), and data were analyzed using FlowJo (TreeStar). To single-cell sort, HA-specific B cells were stained as above, and CD19 + IgG + HA + B cells were single cellsorted into 96-well plates using a FACSAria II (BD Biosciences). Addition of multiple HA probes and index sorting were used to determine the binding of each sorted B cell to HA of multiple subtypes simultaneously.
Single-cell Ig amplification and cloning
Reverse transcription was performed on sorted cells, and multiplexed polymerase chain reaction (PCR) was used to amplify Ig heavy and light chain genes, as described previously (40) . We obtained paired heavy and light chain Ig sequences from an average of 70% of single cells on which we performed PCR. PCR products were sequenced by Beckman Coulter or Genewiz and analyzed using IMGT (41) . Clonality was determined by paired heavy and light chain V(D)J gene usage, as well as CDR3 length and amino acid similarity.
Heavy and light chain sequences were synthesized and cloned by GenScript into IgG1, kappa, or lambda expression vectors. To produce antibodies recombinantly, Expi293 cells were transfected with plasmids encoding Ig heavy and light chain pairs with ExpiFectamine (Thermo Fisher Scientific). mAbs were purified from the cell supernatant using Sepharose Protein A (Pierce). ; Sigma) and titrated in MDCK or MDCK-SIAT1 cells, as described elsewhere (43) . Briefly, DMEM (Dulbecco's modified Eagle's medium)-TPCK (DMEM with 1 g ml −1 TPCK-trypsin and penicillin/streptomycin) was used to make fourfold serial dilutions of mAbs (starting at 100 g ml −1 ) and to dilute influenza viruses to a final concentration of 100 TCID 50 (median tissue culture infective dose) per well. In a 96-well plate, equal volumes of diluted antibody and virus were mixed and incubated for 1 hour at 37°C before adding to substrate cells. Control wells of virus alone (VC) and diluent alone (CC) were included on each plate. Cells were seeded at 1.5 × 10 4 cells per well 24 hours before the assays and washed once with phosphate-buffered saline (PBS) before use. Fifty microliters of antibody/virus mixture was then added to wells of prewashed cells in duplicate, and the plates were incubated for 18 or 44 hours at 37°C and 5% CO 2 humidified atmosphere for H1N1 or H3N2 virus, respectively. The cells were then fixed with 80% cold acetone and allowed to air-dry. The presence of viral nucleoprotein (NP) was detected by enzyme-linked immunosorbent assay with biotinconjugated anti-influenza antibodies to the influenza A NPs with antibodies (MAB8257B and MAB8258B; EMD Millipore). NP staining was detected with horseradish peroxidase-conjugated streptavidin and SureBlue TMB Microwell Peroxidase Substrate (KPL). Absorbance was read at 450 nm (A 450 ) and 650 nm (A 650 ) with the SpectraMax Paradigm microplate reader (Molecular Devices). The A 650 was used to subtract plate background. The percent neutralization was calculated setting the VC control as 0% and the CC control as 100% and plotting against antibody concentration. A curve fit was generated by a four-parameter nonlinear fit model in Prism 7 (GraphPad Software). The half-maximal inhibitory concentration (IC 50 ) of each antibody was obtained from the fitted curves.
Mouse protection studies
Negative-stain EM and single-particle analysis
Complexes made by combining mAb Fabs and H7 A/Shanghai/02/2013 HA were diluted to about 0.015 mg/ml, adsorbed to freshly glowdischarged carbon film grids, washed with a buffer containing 10 mM Hepes (pH 7) and 150 mM NaCl, and stained with 0.7% uranyl formate. Images were collected semiautomatically with SerialEM (44) on an FEI Tecnai T20 microscope operating at 200 kV and equipped with a 2000 × 2000 Eagle charge-coupled device camera at a pixel size of 0.22 nm per pixel and a nominal magnification of 100,000. Particles were picked automatically and manually using e2boxer from the EMAN2 software package (45) . Reference-free two-dimensional classification was performed with Relion 1.4 (46) .
HA antibody binding assay
Meso Scale Discovery (MSD) 384-well Streptavidin-coated SECTOR Imager 2400 Reader Plates were blocked with 5% MSD blocker A for 30 to 60 min, then washed six times with the wash buffer (PBS + 0.05% Tween). The plates were then coated with biotinylated HA protein (same protein as was used for flow cytometry) for 1 hour and washed. mAbs were diluted in 1% MSD blocker A to 5 g/ml, serially diluted threefold, and added to the coated plates. After 1 hour of incubation, plates were washed and incubated with SULFO-TAGconjugated anti-human IgG for 1 hour. After washing, the plates were read using 1× MSD Read Buffer using an MSD SECTOR Imager 2400. Binding curves were plotted, and the area under the curve (AUC) was determined using Prism 7. HA from the following strains were tested: H7N9 
Pseudotype neutralization assay
Influenza HA-NA pseudotyped lentiviruses that harbor a luciferase reporter gene were produced, as described previously (47, 48) . Pseudovirus was produced by transfection of 293T cells of HA and corresponding NA along with the lentiviral packaging and reporter plasmids. For the H1N1, H2N2, H3N2, H7N9, and H9N2 pseudovirus, a human type II transmembrane serine protease TMPRSS2 gene was cotransfected as well for proteolytic activation of HA. Forty-eight hours after transfection, supernatants were harvested, filtered, and frozen.
Neutralization assays were performed as described previously (24) . Briefly, pseudovirus was mixed with various dilutions of mAbs for 45 min followed by addition to 293A cells in 96-well plates. Three days after infection, cells were lysed and luciferase assay reagent was added to measure luciferase activity. The following pseudoviruses were tested: 
X-ray crystallography and structural analyses
Fabs of representative mAbs were generated by digestion of antibodies with Lys-C at a 1:1000 (w/w) ratio for 3 to 4 hours at 37°C. The digestion reaction was then passed over a Protein A or Protein G column to remove the Fc fragments. The flow-through and PBS wash were pooled and concentrated to ~8 mg/ml, and 768 crystallization conditions were screened in 192-well plates (Corning) using a mosquito crystallization robot with conditions showing crystal growth further optimized by hand. Crystallographic diffraction data were collected at the Advanced Photon Source (Argonne National Laboratory) SER-CAT ID-22 or BM-22 beamline, at a wavelength of 1.00 Å and at a temperature of 100 K, and processed with HKL2000 (49) . Iterative cycles of model building and refinement were carried out using COOT (50) and PHENIX (51) software packages, respectively, with 5% of the data acting as an R-free cross validation test set. All structural images were generated in PyMOL Molecular Graphics System, Schrodinger LLC, or UCSF Chimera (52).
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